ABSTRACT: A study of European hake Merluccius merluccius gill net selectivity was undertaken off the Algarve (Southern Portugal), between 1999 and 2001. Four nominal mesh sizes (70, 80, 90 and 100 mm) were used in fishing trials and the 'share each length class catch total' (SELECT) method was used to fit gill net selectivity curves. Hake were caught in the same size range by all mesh sizes, between 17 and 65 cm total length. While most fishes were wedged, significant and similar proportions were entangled in all mesh sizes, contributing to the wide size range, and in some cases, bimodal shape of catch size frequency distributions. Insignificant numbers of undersized hake were caught, with most catches consisting of mature female fish. Catch rates decreased sharply with increasing mesh size. The bimodal model gave the best fit for hake that were wedged, with estimated modal lengths of 40.1, 46.7 and 51.0 cm for the 70, 80 and 90 mm nominal mesh sizes, respectively. The high catch per unit effort of the smallest mesh size, with most fish caught being female, together with the fact that the modal length of the fitted selectivity curve is well below the size at maturity for hake in Portuguese waters, suggests that the 80 mm nominal mesh size is more appropriate for ensuring resource sustainability.
INTRODUCTION
The European hake Merluccius merluccius is widely distributed in the north-eastern Atlantic, Mediterranean and Black Sea. 1 It is most common at depths of 100-300 m but its bathymetric range extends from shallow waters to approximately 1000 m depth. 2, 3 It is one of the most important commercial demersal species in Europe [4] [5] [6] and the major demersal resource in the Iberian region, 7 being characterized by high market prices.
For fisheries management purposes there are two stocks, the northern and the southern (International Council for the Exploration of the Seas (ICES) divisions VIIIc and IXa), with a border in the Bay of Biscay. Since the early 1980s when landings peaked at 23 000 ton in 1983, there has been a steady decline to less than 8000 ton per year in recent years. The trend in landings has been accompanied by decreases in the spawning stock biomass and in recruitment, despite the fact that there has been a general decrease in fishing effort over the past decade.
The management of the hake southern stock is by total allowable catch (TAC) and other technical measures, namely a minimum landing size of 27 cm total length (TL), closed areas to protect juveniles and minimum mesh sizes that depend on areas and gears. Hake are caught in multispecies fisheries involving a variety of different gear such as trawls, long-line, trammel nets and gill nets.
Gill net fisheries targeting hake exist in a number of European countries, such as Portugal, Spain, France, England, Italy and Greece. [8] [9] [10] [11] [12] [13] [14] Off the Algarve coast (southern Portugal, ICES subarea IXa) this fishery assumes particular economic relevance, representing 26% of the total landings of this species in Portugal. Santos et al. captured, and either selection or retention curves can be used to calculate an optimal mesh size. Furthermore, managers would like to predict what effect any proposed change in mesh regulations might have on the size composition of the catch. For these reasons, gill net selectivity has often been estimated using a variety of methods for different fish species (e.g. reviews). 16, 17 In recent years, new methods have been developed. [18] [19] [20] To the authors' best knowledge, very little work been done on hake gill net selectivity. 10, 21, 22 The objective of the present paper was to study gill net selectivity for hake and to evaluate the implications of an increase in minimum legal mesh size of 60 mm for the Algarve coast (southern Portugal) fishery.
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MATERIALS AND METHODS

Nets
Hake commercial fishermen were interviewed in order to obtain details on the design and operation of the nets used in the deep-water hake fishery off the Algarve coast and a representative design was then chosen. The differences found mainly concerned the mesh size and height of the nets, as a result of the depth of the fishing ground, with smaller mesh sizes being used in shallower waters. The technical specifications of the experimental gill nets are presented in Table 1 . All specifications correspond to the commercial practice except for the 100 mm mesh size, which is not used in the commercial fishery. Inside mesh size was measured between opposite knots when fully stretched, taking a sample of 25 randomly chosen meshes, using a steel ruler and light manual force to stretch the mesh. All nets were made of a polyamide monofilament light green twine with a diameter of 0.3 mm. Floatation was given by 25 polyvinyl chloride (PVC) floats (93 gf) in each panel. These were approximately 50 m long and 6.3 m high. The hanging ratio of these nets was 0.50 on the float rope and 0.52 on the lead rope. The experimental fleet consisted of 15 randomly distributed panels of each mesh size.
Fishing trials and fishing area
A total of 38 fishing trials were carried out between 1999 and 2001 during the first semester (which includes the peak season for this fishery), on board the R/V Donax , at depths ranging from 150 to 300 m (Fig. 1) , off the south coast of the Algarve. The adopted soak time was that used by the commercial fishermen, corresponding to setting the nets in the afternoon and retrieving them the following morning.
Data collection
A total of 2858 hake specimens were caught. The fishes were sorted by mesh size, sexed, weighed (ii) gilled: fish prevented from backing out of the net, by a mesh caught behind the gill cover; or (iii) entangled: fish held in the net by teeth, maxillaries, or other projections, without necessarily penetrating the mesh.
Estimation of gill net selectivity
The gill net selectivity was estimated by means of the GILLNET © Software (ConStat, Hjoerring, Denmark) that is based on the 'share each length class catch total' (SELECT) method. 23 This is a general statistical model that estimates gill net selection curves (i.e. retention probabilities) from comparative gill net catch data. In this method the expected catch proportions are fitted to the observed catch proportions using maximum likelihood, under the assumption that catches are Poisson random variables. 24 The general SELECT model 20 for analyzing data from comparative fishing trials with gears of different dimensions is described by the following expression:
The log-likelihood of n lj is:
where n lj , the number of fish of length l caught in mesh size j , has a Poisson distribution with mean
; l l is the abundance of length l fish contacting the combined gear; p j ( l ) is the relative fishing intensity, which is the probability that a fish of length l contacts gear j , given that it has come into contact with the combined gear. The number of length l fish contacting gear j is Poisson distributed with mean
is the contact selection curve for given gear size j . 20 The number of estimated parameters is reduced in the SELECT method because proportions of the total catch for each length class and each gear are used ( y lj = n lj /n L + , where n l + is the total catch for each length class for all gears), thereby eliminating the l l parameters (abundance) as a nuisance parameter. The proportions have a multinomial distribution with n l + trials and probabilities:
The log-likelihood for the proportions (y lj ) is:
Six different models (normal scale; normal location; gamma; log-normal; gamma semi-Wileman; and binormal) were tested in the present study. The equations are shown here. Normal location:
Normal scale:
Log-normal:
Gamma:
where l is the total length (cm), m 1 is the smallest mesh size (70 mm) and m j is mesh size j.
For each model the data were fitted under both the assumptions of equal effort and effort proportional to mesh size. The latter case implies that the relative fishing intensity, p j is assumed to be proportional to mesh size because effort is proportional to mesh size. Goodness of fit was evaluated by comparison of deviances and examination of the deviance residuals plots, with the lowest deviance value corresponding to the best fitting model. 20 Further details of the SELECT and
GILLNET methods are provided in a number of publications. 19, 20, 25, 26 
Data analysis
The Kolmogorov-Smirnov (K-S) test was used to compare the catch size frequency distributions and the Mann-Whitney (M-W) rank-sum test was applied to compare the mean sizes, with a 95% confidence interval. Fishing yields from different mesh sizes were compared by means of the Wilcoxon's matched pair test.
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RESULTS
Catch distributions, sex ratios and fishing yields
Hake were caught in the same size range from 17 to 65 cm TL by all mesh sizes (Fig. 2) . The K-S test showed significant differences between all catch size frequency distributions except for those of the two largest mesh sizes ( Table 2 ). The mean TL were 39.7, 43.6, 45.4 and 45.0 cm for the 70, 80, 90 and 100 mm nominal mesh sizes, respectively ( Table 3) . The comparisons of mean size between all mesh sizes showed significant differences, except in the case of the comparison between the 90 and 100 mm nominal meshes ( Table 4 ). The modal classes corresponding to the four catch size distributions were 38.0-39.9 cm, 44.0-45.9 cm, 48.0-49.9 cm and 46.0-47.9 cm, for the 70, 80, 90 and 100 mm nominal mesh sizes, respectively. The percentage of undersized fishes (<27 cm TL) caught by the different nets varied between 0.6% and 2.1%, increasing with mesh size. Male fish dominated the catches in the smaller size classes up to approximately 41 cm length. On the contrary, female fish predominated over male fish in the larger size classes, with no male fish found among fish of ≥56 cm length (Fig. 3) . 7.10 ± 5.6
W, wedged or gilled; E, entangled; MLS, minimum landing size (27cm total length).
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The fishing yield decreased dramatically with an increase in mesh size, ranging from 24.0 kg/750 m of netting for the 70 mm mesh size to 7.1 kg/750 m of netting for the 100 mm mesh size (Table 2 ; Fig. 4) . The results of the Wilcoxon's matched pairs test (Table 4) showed significant differences between all mesh sizes, except for 90 mm versus 100 mm meshes.
Method of capture
Most specimens (between 57.1% and 63.9%) were observed to have meshes stretched tight diagonally across the body (wedged or gilled), between the head and the region of maximum girth. Among these approximately one-third had a mesh caught behind the gill cover (gilled). The proportion of entangled fish was relatively constant for the four mesh sizes, ranging from 36.1% to 42.9% (Table 3 ). All specimens under the minimum legal size (27 cm TL) were caught by entanglement. For the three largest mesh sizes there were highly significant differences (K-S test: P < 0.001) between the catch size frequency distributions of hake that were tangled and those that were wedged (Table 2) . However, when all methods of capture were considered, significant differences (K-S test: P < 0.001) between all mesh sizes were found, with the exception of the two larger meshes (Table 2 ).
An increase in the mean size with mesh size was observed for wedged fish (39.7-48.9 cm) while mean sizes of entangled fish varied from 39.8 to 41.7 cm, with no clear relationship with mesh size (Table 3) . With the exception of the 70 mm mesh size, there were highly significant differences (M-W test: P < 0.001) between the mean sizes of wedged and entangled hake for all mesh sizes. However, when all methods of capture were considered, significant differences in mean sizes were found between all mesh sizes, with the exception of the two larger meshes (Table 5) .
Gill net selectivity
The results of the SELECT model fits for all models are given in Table 6 . Because of the high degree of overlap between the catch size frequency distributions of the two largest mesh sizes, the models were fitted using only data for the 70, 80 and 90 mm nominal mesh sizes. Due to the considerable dispersion resulting from the wide range of sizes caught by each mesh size, entangled fish were not considered in the analysis.
As shown in Table 6 , the binormal model with effort proportional to mesh size gave the best fit, as indicated by the low deviance value that is of a similar order of magnitude as the degree of freedom and by the P values (P > 0.05).
The observed catch size frequency distributions of wedged hake and the fitted binormal selectivity curves are shown in Fig. 2 . The estimated modal lengths and spreads for the three mesh sizes were 40.09 ± 2.42 cm, 46.72 ± 2.82 cm and 51.05 ± 3.08 cm, where the spread is the statistic of the selectivity curve that corresponds to the standard deviation of the density curve from which it is scaled (Holst R, pers. comm., 2002). While the catch distributions are to a great extent uni-modal, there are small secondary modes that justify the use of a binormal selectivity model. The main modal lengths of the fitted selectivity curves increase with mesh size, with smaller, less pronounced peaks in the selectivity curves at larger sizes (Fig. 2) . The deviance residuals of the binormal model fits are shown in Fig. 5 and indicate that the fit is satisfactory.
DISCUSSION
One of the priorities of the Fisheries Common Policy of the European Commission is the promotion of selective fishing gears. Gill nets are highly size-selective gears that generally catch a relatively narrow size range consisting of few or no fish with lengths 20% less than or 20% greater than the optimum length of a particular mesh size. 16, 28 The widespread use of minimum mesh sizes in fisheries management has meant that gill net selectivity has received considerable attention, with numerous studies worldwide. 16, [29] [30] [31] [32] [33] The present study is one of the few concerning gill net selectivity for the European hake. Hake were caught in the same wide size range by all four mesh sizes used in the fishing trials. This is due in large part to the fact that, while most hake were wedged (held tightly by a mesh around the body or gilled), significant proportions of the catches within each mesh size were entangled. Nevertheless, the catch size distributions clearly showed that there was size selectivity, with an increase in mean size with greater mesh size. When a species is caught mainly by wedging or by being gilled, the estimated selectivity curves are bell-shaped. This was not the case for hake in the present study where, as aforementioned, wedging, gilling and entangling were all significant. Thus, as a first approach it was not possible to fit any selectivity model to the observed catch size frequency distributions. However, when the entangled fish were removed, good fits were obtained for the binormal model as can be seen in the plots of the deviance residuals.
In the present study, relative fishing intensity was assumed to be either fixed or proportional to mesh size. However, Fujimori and Tokai showed how p j can be estimated, with significant improvement in the fits obtained. 34 In their analysis of pink salmon, Oncorhynchus gorbushia, data for six mesh sizes, the binormal model with p j estimated was the best model, with an improvement in the fitting compared to fixed p j or p j proportional to mesh size.
It should be noted that hake smaller than those that are wedged or gilled are entangled. From the management perspective this is a problem that cannot be resolved by a minimum mesh size regulation because even quite small fish can get entangled by the teeth in very large mesh sizes. Thus, we focus on the selectivity of wedging, which accounts for the majority of the hake caught in gill nets.
The estimated curve for the 70 mm nominal mesh overlaps the observed catch size frequency distribution. However, with increasing mesh size there is a shift to the right of the fitted selectivity curves in relation to the corresponding catch distributions. Thus, for the larger mesh sizes, the modal lengths of the selectivity curves based on the SELECT model are generally greater than those of the observed catch size frequency distributions. The modes of the estimated selectivity curves were 1.1, 1.7 and 2.0 cm greater than those of the length frequency distributions of the catch, for the 70, 80 and 90 mm nominal mesh sizes, respectively. This is probably due to the fact that the Baranov principle of geometric similarity (i.e. that modal lengths are proportional to mesh size) is observed for all but one of the models fitted using the SELECT method in the GILLNET software. This may also contribute to greater modal lengths than expected, especially in the case of overlapped catch distributions.
The demographic structure of hake populations is strongly depth-related, with juveniles found on the continental shelf and the largest adults on the upper continental slope. 35 With deep water as a partial refuge for the spawning stock, the hake has been able to persist despite heavy fishing pressure and high mortality of undersized individuals caught as by-catch and discarded in trawl fisheries. In the Algarve coast, the deepwater hake gill net fishery is a recent development, which has significantly increased the effort and largely replaced the traditional semipelagic long-line fishery for large hake. 36 The present study has shown that hake are caught in the same size range by all mesh sizes (between 17 and 65 cm TL), with the majority of the catch of all mesh sizes consisting of female fish. However, in contrast with the three larger mesh sizes, the mode of the fitted selectivity curve of the 70 mm gill net is greater than the estimated size at maturity (L 50 = 45.3 cm TL) for hake in Portuguese waters. 37 Given the fact that the 70 mm mesh size gill net is significantly more effective in terms of catch per unit effort than the larger mesh sizes tested in the present study and that there is considerable discarding of damaged or scavenged hake, 14 it would therefore be advisable to increase the minimum mesh size to at least 80 mm. This precautionary measure would ensure that a large part of the catch would consist of hake larger than the estimated size at maturity and would contribute to the goals of conservation and sustainability of this fishing resource.
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